The pathological changes following liver damage, including those caused by ischemia and reperfusion (I/R), are closely related to gastrointestinal dysregulation. Mast cells (MCs) are tissue-resident immune cells abundant in the gastrointestinal system that play diverse roles. In view of the characteristic localization of MCs around the microvasculature, we hypothesized that a stimulus-specific set of mediators released through degranulation of gastrointestinal MCs, which are enriched in hepatic sinusoids via the hepatic system, subsequently participate in associated pathological development within the liver. To elucidate the biological role of gastrointestinal MC granules in liver damage, we employed an experimental liver I/R model that allows conditional ablation of MCs. Marked degranulation was detected during I/R, which showed a significant positive correlation with liver damage. Our experiments further disclosed that MC degranulation primarily enhanced the cycle of inflammatory damage in I/R liver consisting of liver sinusoidal endothelial cell death, neutrophil infiltration, and formation of a neutrophil extracellular trap, with a concomitant increase in adhesion molecules, inflammatory cytokines, chemokines, and oxidative stress. Based on the collective results, we propose that suppression of activity or number of MCs may present an effective strategy for protection against hepatic I/R injury.
Introduction
Organ injury, driven by transient ischemia followed by reperfusion (I/R), is a common complication in a number of diseases such as stroke, myocardial infarction, vascular surgery, and organ transplantation. In the clinical setting, liver I/R injury usually occurs during organ transplantation, surgical removal of hepatic tumors or trauma and hemorrhagic circulatory shock, accounting for ∼10% of early graft failures and increased prevalence of chronic rejection or even death [1] . Liver I/R injury actually represents a continuum of exogenous antigen-independent inflammatory processes including inflammatory cell activation, immune cell regulation, cytokine release, and oxidant attack, ultimately leading to hepatocyte and endothelial cell death. Effective treatment of hepatic I/R injury is a major clinical challenge, and a major research focus is clarification of the relevant mechanisms underlying hepatic I/R with a view to optimize and innovative delivery of current clinical interventions [2] .
Mast cells (MCs) are tissue-based stationary effector cells that present first-line defense against various challenges as they are closely related to the inflammatory injury process [3] . The specific role of MCs during I/R in different tissues and organs has been of increasing interest to researchers in recent years [4] [5] [6] . However, the relationship between MCs and hepatic I/R injury remains to be elucidated. the approval of the Local Ethics Committee responsible for regulating animal research in Tongji University, with animal care performed strictly according to the guidelines for the care and use of laboratory animals published by the US National Institutes of Health (NIH Publication No.85-23, revised 1996).
Model of partial hepatic I/R injury
We employed a well-established mouse model of partial warm hepatic I/R injury. Briefly, mice were anesthetized with sodium pentobarbital (60 mg/kg, i.p.). A midline laparotomy was performed, and an atraumatic clip was used to interrupt blood supply to the left lateral and median lobes of the liver. Evidence of ischemia was confirmed by visualization of pale blanching of ischemic lobes. The peritoneum was closed, and mice were placed on a heating pad (∼37
• C). The ambient temperature ranged between 25 and 26 • C. After 60 min of partial hepatic ischemia, the clip was removed to initiate hepatic reperfusion. Sham control mice underwent the same surgical procedure without vascular occlusion. Mice were humanely killed after the indicated periods of reperfusion, and blood as well as samples of the left lateral lobe, stomach and intestine obtained for analysis.
Liver damage assessment
Blood was obtained via cardiac puncture, and serum was isolated. To assess liver function and cellular injury following liver I/R, serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were measured using the automated chemistry analyzer (OLYMPUS AU1000; Olympus, Tokyo, Japan). Liver tissues (cephalad lobes) were fixed in neutral buffered formalin, embedded in paraffin, and sections (5 μm) stained with hematoxylin and eosin (H&E) for histological analysis. The severity of liver I/R injury was graded blindly using Suzuki's criteria on a scale from 0 to 4. Samples with no necrosis, congestion, or centrilobular ballooning were given a score of 0 while severe congestion and > 60% lobular necrosis were assigned a value of 4. In addition, endothelial dysfunction was scored as follows: 0, absent; 1, mild endothelial dysfunction; 2, severe endothelial dysfunction; 3, 2 + infiltration of regenerating endothelial cells and inflammatory cells; and 4, 3 + vascular stenosis. For assessing the oxidation-reduction status of liver, the malondialdehyde (MDA) level was measured via the thiobarbituric acid method using liver homogenates. MDA detection was conducted according to the manufacturer's instructions with the aid of commercial kits (Nanjing Jiancheng Biological Institute, Jiangsu, China) and concentrations expressed as nanomoles per milligram of protein.
RNA isolation and quantitative real-time PCR
Total RNA was extracted from frozen liver using the RNeasy Mini Kit (Qiagen, Valencia, CA, U.S.A.) according to the manufacturer's instructions. A Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, U.S.A.) was used to measure the total RNA concentration, and the quality assessed based on 260/280 and 230/260 ratios. In total, 5 μg RNA was reverse-transcribed into cDNA with a PrimeScript RT Master Mix (Takara Bio Inc., Otsu, Japan) and relative gene expression determined using the Roche LightCycler 480 SYBR Green system (Roche, Rotkreuz, Switzerland). Alternatively, semi-quantitative RT-PCR was performed and the amplification products analyzed via agarose gel electrophoresis. Target gene expression was calculated in relation to that of the reference gene GAPDH. The specific primers employed are presented in Supplementary Table S1 .
Histological analysis of MCs
To identify MCs in mice, immunofluorescence and histochemical staining with toluidine blue were performed on 5 μm sections of routinely prepared paraffin-embedded tissues. For immunofluorescence staining, sections were washed three times with PBS after a 5 min high-pressure antigen retrieval process in sodium citrate buffer (100×, pH 6.0) and blocked with PBS containing 10% goat serum at room temperature. Monoclonal mouse antibody against mast cell tryptase (1:100; Abcam, Cambridge, MA, U.S.A.) was used as the primary antibody and anti-mouse IgG Fab2 (1:500; CST, Cell Signaling Technology Inc., Boston, MA, U.S.A.) as the secondary antibody. Finally, preparations were washed with PBS and mounted in fluorescent mounting medium with DAPI (Invitrogen, Camarillo, CA, U.S.A.). Negative controls were processed in the same manner but without the primary antibody. For toluidine blue staining (Sigma, St. Louis, MO, U.S.A.), slides were rinsed with PBS for 10 min and stained with 0.5% w/v toluidine blue (Sigma) in 0.5 N HCl (Baker, Philipsburg, NJ, U.S.A.) for 30 min.
MCs were identified based on the ability of granules to exhibit metachromatic staining. Quantitative analysis of MC density in organs was performed by counting the number of tryptase-positive and toluidine blue-positive MCs in 10 non-overlapping high-powered fields (HPFs) (40×) under a confocal laser scanning microscope (Carl Zeiss AG, Jena, Germany). MC density was expressed as cells/mm 2 . To count the number of degranulated mast cells and assess the correlations between degranulation factors and liver injury, images obtained from high-throughput digital pathology section scanner were analyzed using Case Viewer.
Flow cytometry analysis
Cells isolated from the tissues of interest were incubated in the dark at 4
• C for 30 min with the antibody mix. Briefly, single resuspended cells were prepared in wash buffer containing PBS with 0.1% sodium azide. Antibodies specific for respective cell markers were diluted in the appropriate volumes of FACS buffer containing 1% BSA and incubated with cells for 30 min at 4
• C. After washing twice with FACS buffer, cells were fixed with IC Fixation Buffer (eBioscience, San Diego, CA, U.S.A.) for 20 min at room temperature, followed by permeabilization with Perm (eBioscience). Antibodies specific for cellular markers were diluted to the appropriate volume in Perm. Incubations were performed in the dark and flow cytometric data acquired using a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, U.S.A.), followed by analysis using FlowJo software (Treestar, Ashland, OR, U.S.A.). The following antibodies were used: APC-conjugated CD11b (BD Biosciences), PerCP/CyTM5.5-conjugated CD45 (BD Biosciences), FITC-conjugated FcεRIα (BioLegend, San Diego, CA, U.S.A.), PE-conjugated CD117/c-Kit (BioLegend), APC-conjugated F4/80 (BioLegend), FITC-conjugated Stabilin-2 (Bioss, Beijing, China), and FITC-conjugated Ly6G (BD Biosciences). We defined MCs as CD45+CD11b-FcεRIα+CD117/c-Kit+; LSECs as F4/80-Stabilin-2+; and infiltrating neutrophils as CD45+CD11b+Ly6G+. In addition, apoptosis of LSECs was evaluated using the PE-Annexin V/7-ADD apoptosis detection kit (BD Biosciences) according to the manufacturer's instructions. Each experiment was repeated a minimum of three times.
Measurements of histamine, tryptase, adhesion molecules, cytokines, myeloperoxidase, and NET formation
Blood samples were drawn into serum separation tubes and serum aliquots stored at −80
• C until analysis. Serum histamine (SPI-Bio, Bertin Pharma, France) and tryptase (LS-Bio Seattle, WA, U.S.A.) were measured using a competitive enzyme immunoassay. The levels of the soluble biomarkers vascular cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), TNF-α, MCP-1, thromboxane B2 (TxB2) (R&D Systems, Minneapolis, MN, U.S.A.), and 6-keto-prostaglandin F1α (6-keto-PgF1α) (Cayman chemical, Michigan, U.S.A.) were assessed with commercially available ELISA kits. Equal volumes of each sample were loaded according to the instructions for individual kits. Levels were quantitatively determined based on standard curves and presented as picograms per milliliter. Neutrophil sequestration within the liver was quantified by measuring tissue myeloperoxidase (MPO) activity as described previously. Briefly, tissue samples were homogenized in 20 mM phosphate buffer (pH 7.4) and centrifuged at 4
• C for 10 min at ∼10000×g. The pellets obtained were resuspended in 50 mM phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide, subjected to three cycles of freezing and thawing and further disrupted via sonication (40 s). Following centrifugation of samples for 5 min at 4
• C at 10000×g, the supernatant fractions were used for the MPO assay. Aliquots of supernatant (50 μl) were incubated in a solution consisting of 1.6 mM tetramethylbenzidine, 80 mM sodium phosphate buffer, and 0.3 mM hydrogen peroxidase at 37
• C for 110 s, following which the reaction was terminated with 2 M H 2 SO 4 and absorbance recorded at 450 nm. The results were adjusted for protein concentration and MPO activity expressed as units per gram of protein (U/g). One Antibody array (AAM-CYT-G2, RayBiotech, Norcross, GA) was further used to detect some interesting cytokines. To quantify NET DNA in mouse serum, a PicoGreen assay kit (Invitrogen, San Diego, CA, U.S.A.) was utilized according to the manufacturer's instructions. Serum levels of Cit-H3, another specific marker of NET formation, were measured using the Cayman's Cit-H3 ELISA kit for mouse.
Apoptosis and necrosis assays
TUNEL staining was performed using the In Situ Cell Death Detection Kit (Roche Applied Science) according to the manufacturer's instructions. Microscopic quantification analyses were performed in 10 HPFs per specimen at a magnification of 400×. For additional confirmation, a set of cell death markers (caspase 3/7 activity, DNA fragmentation, poly (ADP-ribose) polymerase (PARP) activity) was detected after 24 h of reperfusion (I/R 24 h). Caspase 3/7 activity in hepatic tissue lysates was measured using the Apo-One Homogenous Caspase-3/7 assay kit (Promega Corp., Madison, WI, U.S.A.). Quantitative determination of cytoplasmic histone-associated DNA fragmentation (monoand oligonucleosomes) due to cell death in liver homogenates was performed using an ELISA kit (Roche Diagnostics Corp., Indianapolis, IN, U.S.A.). PARP enzyme activity was quantified with the PARP universal colorimetric assay kit (R&D Systems Ltd., Abingdon, U.K.), following the manufacturer's instructions.
Immunohistochemistry
Immunohistochemical analysis was performed primarily to determine the number of neutrophils and expression levels of inflammatory cytokines in liver. Formalin-fixed pancreas sections were deparaffinized in xylene and rehydrated through a graded ethanol series followed by treatment with 3% hydrogen peroxide for 10 min to inactivate endogenous peroxidase, and subsequently washed with PBS for 5 min. After microwave antigen retrieval, sections were washed in PBS and blocked in 10% normal serum with 1% BSA in TBS for 2 h at room temperature. Sections were incubated overnight at 4
• C with Gr-1 primary antibody (3 μg/ml, R&D Systems Ltd.). After three washes with PBS and incubation with secondary antibody linked to horseradish peroxidase (DAKO; Glostrup, Denmark) for 1 h at room temperature, DAB staining was performed using a DAB peroxidase substrate kit. Nuclei were counterstained with hematoxylin, and the sections were dehydrated in a series of ethanol and xylene before application of coverslips. Negative controls were processed in the same manner without the primary antibody. Semi-quantitative immunohistochemical analysis of Gr-1 positive staining in liver tissue was conducted.
Determination of oxidative stress
Oxidative stress after 24 h of reperfusion was assessed via evaluation of the lipid peroxidation marker, 4-hydroxynonenal (HNE), and reactive oxygen species (ROS) generating NADPH NOX2. HNE in hepatic tissues was determined using a specific kit (Cell Biolabs, San Diego, CA, U.S.A.). In brief, BSA or hepatic tissue extracts (10 mg ml −1 ) were adsorbed onto a 96-well plate for 12 h at 4
• C. HNE adducts present in the sample or standard were probed with an anti-HNE antibody, followed by an HRP-conjugated secondary antibody. HNE-protein adducts in experimental samples were assessed based on a standard curve. NOX2 activity was measured using the cytochrome c reduction assay. Briefly, 100 μg liver tissue proteins from different groups were incubated in 25 mM HEPES buffer (pH 7.0) with 150 μm cytochrome c and 100 μm NADPH for 30 min at 37
• C. Cytochrome c reduction was measured by determining absorbance at 550 nm. For further confirmation, ROS production in non-parenchymal cells from livers in different groups was detected using confocal imaging with a Zeiss LSM510 and LSM710 system (Carl Zeiss AG) after loading with 5-chloromethyl-2,7-dichlorodihydrofluorescein diacetate acetyl ester (DCFH-DA, 4.5 M; excitation, 488 nm; emission, 505-550 nm). In light of the saturation of the probe monitoring obtained, quantitative analyses were further performed via flow cytometric detection (BD Biosciences) following treatment of cells with DCFH-DA for 30 min.
Analysis of neutrophil-LSEC adhesion
LSECs were grown to confluence in six-well confocal plates and treated with tryptase for 24 h. Primary neutrophils labeled with CFSE were added to each well under the same conditions for 1 h. After incubation, the neutrophil-containing medium was aspirated and the monolayer gently washed three times with PBS to remove the unbound neutrophils. Fluorescence was measured at excitation and emission wavelength of 488 and 535 nm, respectively, using a Leica DMI6000 fluorescence microscope (Leica, Germany), and the number of adherent cells was analyzed using ImageJ (NIH). Individual treatments were performed in duplicate, and the entire set of experiments was repeated three times.
Statistical analysis
Results are expressed as the mean values + − SEM. The differences among experimental groups were evaluated using Student's t-tests or ANOVA where appropriate, and significance of differences between groups was assessed via Newman-Keuls post-hoc test. Analysis was performed using a statistical software package (GraphPad-Prism 7; GraphPad, La Jolla, CA, U.S.A.) and significance defined as P<0.05.
Results

Hepatic I/R-induced injury is associated with pathological alterations in gastrointestinal tissue
We analyzed alterations in time-course of liver pathology and hepatocellular function in wild-type C57BL/6 mouse livers subjected to 60 min warm ischemia followed by 1, 3, 6, 12, and 24 h reperfusion ( Figure 1A ). The levels of ALT and AST enzymes, markers of hepatocellular damage, were assessed in sera of wild-type C57BL/6 mice during I/R. Compared with sham controls, both serum ALT and AST levels were increased in different hepatic I/R groups, particularly after 6 h reperfusion (2174.8 + − 318.9 U/l). And all observed changes in different groups were pooled in Figure 1B . These data correlated with Suzuki's histological grading of liver I/R damage ( Figure 1C,D) . Mouse models of hepatic I/R displayed sinusoidal congestion and similar findings were recorded in livers subjected to 60 min of warm ischemia. In addition, livers displayed multiple vacuolization, moderate to severe edema, and extensive tissue necrosis at 6, 12, and 24 h reperfusion compared with sham controls (Figure 1C ,D; Suzuki's score: 2.88 + − 0.41, 3.02 + − 0.42 and 2.98 + − 0.37 vs 0.28 + − 0.14, respectively; P<0.01). Liver H&E staining revealed no necrotic areas in the sham control group. Considering that oxidative damage is critical in the hepatic I/R process, MDA activity (nmol/mg protein) was used as an index to assess liver oxidative status in tissue homogenates. Notably, MDA levels were significantly increased after 6 and 24 h of reperfusion ( Figure 1E ; 12.93 + − 1.16 and 11.67 + − 1.02 vs 2.53 + − 0.25;
P<0.01).
Analogous to clinical portal hypertensive patients with splenomegaly and gastrointestinal bleeding, a hepatic I/R model constructed with blockage of blood flow into the mouse liver should inevitably lead to gastrointestinal congestion. Pathological changes of congestion in intestine (red arrow) and mesenteric vessels (green arrow) were observed in the model of liver ischemia, which are consistent with the H&E results that blood cells are deposited in microvasculature of mesenteric tissue (red arrow). Histological examination of intestine and stomach revealed evident congestion following 60 min of warm liver ischemia ( Figure 1F ). In addition, the ratio of intestinal weight/length was increased in the context of ischemia and ischemia/reperfusion ( Figure 1G, P<0.01 ). Up-regulation of serum diamine oxidase (DAO) activity (U/l) usually occurs during impairment of gastrointestinal mucosal barrier function. Consistent with this finding, we detected a significant increase in serum DAO in the mouse hepatic I/R model compared with sham controls ( Figure 1H ; 21.08 + − 4.13 and 25.23 + − 5.46 vs 2.98 + − 0.37, respectively; P<0.01). We next examined the cell-cell junctional complex, the essential structural component of the epithelial barrier, and immune cytokines related to the tissue environment of stomach and intestine. The mRNA levels of these key junctional-complex markers were markedly diminished, while the levels of IL-9, TNF-α, and IFN-γ cytokines increased in the I/R model ( Figure  1I , J; P<0.01 or P<0.05). The collective results implied a close relationship between liver damage and gastrointestinal pathological changes during the hepatic I/R process.
Activation of gastrointestinal MCs mediates liver injury during hepatic I/R
The MC numbers and activation status differs among various organs. As MCs specifically and highly express tryptase, chymase, CD117(c-Kit), and the receptor for IgE, FcεRI, we used a combination of these markers to confirm that MCs predominantly localize in the gastrointestinal tract. Levels of both c-Kit and tryptase were higher in gastrointestinal tissue than other regions of normal wild-type C57BL/6 mice ( Figure 2A ). In addition, immunohistochemistry for tryptase and flow cytometry for detecting c-Kit+ FcεRI+ gated on CD45+ CD11b-among mononuclear cells disclosed considerable amounts of MCs in the stomach and intestine. However, we observed almost no Analysis of toluidine blue staining further confirmed the lack of MCs in liver tissue relative to stomach, intestine, and mesentery. Furthermore, the number of liver MCs did not change even during hepatic I/R ( Figure 2D ). Tryptase and histamine production is generally used as indicators of MC degranulation and represents the main mediators secreted by MCs in direct contact with liver tissue through blood circulation; that are potentially involved in pathogenesis of hepatic I/R, tryptase, and histamine secretion by MCs in both sham and I/R groups was examined. In Figure 2E ,F, increased production of both histamine (nM) and MCP-7 trypase of TPSAB1 (ng/ml) by MCs after I/R induction relative to sham surgery is shown. These trends are similarly time dependent. In fact, MC degranulation had already occurred at the ischemia stage and reached a peak after 3 h of reperfusion (serum histamine level: 75.51 + − 5.59; serum tryptase level: 2.886 + − 0.322). To further ascertain the effect of gastrointestinal MC degranulation on liver injury during hepatic I/R, we analyzed the correlations between degranulation factors and liver injury. MCs are filled with dense particles (solid arrow) ready to respond to the attack from different pathogens. In I/R mice, MC degranulation (hollow arrow and red circle) was evident in both stomach and intestine, consistent with the increased level of histamine and tryptase. Our data further showed significant positive correlations between the percentage of degranulated gastrointestinal MCs and Suzuki's score, level of ALT, and MDA activity ( Figure 2G, P<0 .05 or P<0.01). Based on these findings, we speculate that gastrointestinal MCs are inevitably activated during the hepatic I/R process, and their subsequent degranulation releases components that are transported to the liver blood supply system and contributing, at least in part, to liver damage.
Significant reduction of hepatic I/R injury in MC-deficient mice
To determine the specific role of gastrointestinal MCs in hepatic I/R injury, the extent of liver injury was analyzed in groups of c-Kit mutant MC-deficient (Kit W-sh/W-sh ) mice and compared with that in wild-type or Kit W-sh/W-sh RMC 
mice. To generate Kit
W-sh/W-sh RMC mice, highly pure MCs were obtained from differentiated bone marrow cells and transferred into Kit W-sh/W-sh mice via intravenous (i.v.) injection ( Figure 3A) . Bone marrow cells were obtained from congenic mice with phagocytosis in toluidine blue-stained sections following differentiation into MCs after 5 weeks of culture. The purity of MCs, evaluated as a percentage of c-Kit+ and FcεRIα+ cells, was >95% ( Figure  3B ). Transmission electron microscopy was employed to detect the phenomenon of MC degranulation (data not shown). After 12 weeks of MC infusion, successful generation of Kit W-sh/W-sh RMC mice was confirmed. A significant number of MCs were found in the liver of Kit W-sh/W-sh RMC mice (P<0.01), and the MC density in stomach, intestine, and mesentery was similar to that in the wild-type mice ( Figure 3C,D) . The normal control among wild-type and MC-deficient Kit W-sh/W-sh and Kit W-sh/W-sh RMC mice did not show liver injury, and similar results were obtained in the level of serum AST ( Figure 3E , no significant difference) and ALT ( Figure 3F, no significant difference) .
Next, we examined pathological alterations under hepatic I/R injury conditions. Large necrotic areas were observed in liver lobes of Kit W-sh/W-sh RMC mice following 60 min of ischemia both 6 and 24 h of reperfusion, whereas the extent of necrotic areas and Suzuki's score in MC-deficient mice were remarkably reduced compared with wild-type C57bl/6 and Kit W-sh/W-sh RMC mice ( Figure 4A ). MC deficiency resulted in minimal vacuolization, edema, and necrosis following reperfusion for 6 and 24 h, respectively ( Figure 4B . Both necrotic (PARP activity) and apoptotic cell death markers (caspase 3/7 activity and DNA fragmentation) in liver were additionally evaluated. Levels of all cell death markers in liver were markedly increased at 24 h of reperfusion following 60 min of ischemia. Kit W-sh/W-sh mice with MC deficiency showing significantly attenuated marker levels, compared with the other groups ( Figure 4G ,H, and I; P<0.01 or P<0.05). Thus, liver injury following I/R is markedly reduced in the absence of MCs, as assessed based on histology, blood chemistry, and cell death markers.
Degranulation of gastrointestinal MCs induces LSEC death following hepatic I/R injury
LSECs line hepatocytes across the perisinusoidal space (or space of Disse) play a significant role in transport of nutrients and biological mediators from circulating blood to the liver. Under conditions of liver I/R in wild-type C57BL/6 mouse, H&E staining revealed the swelling, lining, and embolization of microvascular (red arrow) after 3 h reperfusion. Compared with sham mice, the endothelial cell damage (blue arrow) and blocked sinusoidal blood flow were observed followed 6 and 24 h reperfusion, respectively ( Figure 5A,B) . Degranulation mediators of gastrointestinal MCs reach liver tissue via the blood circulation and initially interact with LSECs to regulate their pathological development in response to hepatic I/R. As expected, our results indicate that absence of MCs was beneficial for LSEC survival during hepatic I/R ( Figure 5C ; 28.86 + − 3.22 vs 39.85 + − 5.40, P<0.05). VCAM-1 and ICAM-1 typically expressed on endothelial cells are known for their importance in stabilizing cell-cell interactions and facilitating leukocyte endothelial transmigration. The levels of these adhesion molecules were significantly elevated in response to LSEC damage compared with sham controls. Our data further supported impairment of signaling of both ICAM-1 and VCAM-1 in the absence of gastrointestinal MCs during hepatic I/R injury ( Figure 5D ; ICAM-1: 81.37 + − 17.27 vs 52.48 + − 10.59; Figure 5E ; VCAM-1: 96.53 + − 13.67 vs 64.58 + − 12.81, respectively, P<0.05). Thrombosis in liver microcirculation is closely related to LSEC damage during I/R. The higher TxB2:6-keto-PgF1α ratio in I/R model compared with that in sham significantly reflects thrombosis induced by LSEC damage ( Figure 5F ; Kit W-sh/W-sh : 0.28 + − 0.04 vs 0.52 + − 0.07, C57BL/6: 0.25 + − 0.03 vs 0.68 + − 0.11, P<0.05). In keeping with above results, we observed a significant lower TxB2/6-keto-PgF1α ratio in Kit W-sh/W-sh mice subjected to I/R compared with wild-type mice (P<0.05).
To further confirm the effect of MC degranulation to LSECs, we isolated LSECs from the mouse liver via a negative selection method using CD11b-MACS combined with long-term selective adherence. Purity of the final cell preparation reached more than 95%. Analysis under a scanning electron microscope revealed typical LSEC fenestrations organized in sieve plates ( Figure 5G ). Given that polyfunctional tryptase is the main granule compound of MCs and used to define the subset of MCs located mainly around blood vessels, ICAM-1 and VCAM-1 expression were further analyzed on LSECs treated with tryptase or MC granule containing media. Consistent with in vivo findings, both ICAM-1 and VCAM-1 expression were enhanced following MC degranulation or the tryptase ( Figure 5H 
Degranulation of gastrointestinal MCs enhances neutrophil liver infiltration and NET formation during experimental I/R injury
Studies on hepatic I/R injury have revealed an acute inflammatory response characterized by increased adhesion and aggregation of neutrophils in the sinusoids and emigration of immune cells into parenchyma. Considering the possible association between gastrointestinal MC activation after hepatic I/R injury and inflammatory cell infiltration, we further investigated whether MC degranulation regulates neutrophil filtration, NET formation, and signaling of the neutrophil-specific enzyme MPO. Using a specific marker for neutrophils, we demonstrated significant reduction in infiltration of liver neutrophils in MC-depleted mice, compared with their C57BL/6 counterparts at 24 h post-I/R (Figure 6A ,B; CD45+Ly6G+CD11b+neutrophils: 10.50 + − 1.95% vs 15.28 + − 2.38%, Gr-1+neutrophils: 46.00 + − 8.62 vs 85.33 + − 20.47, respectively, P<0.05) and limited neutrophil infiltration in sham controls (data on Gr-1+ neutrophils in the sham group are not shown). In addition, activity of MPO, a neutrophil-specific enzyme, was significantly increased in the liver 24 h after I/R. As expected, we detected a significant reduction in MPO activity after MC depletion ( Figure  6C ; 3.70 + − 0.88 vs 5.33 + − 1.06, P<0.05). To determine whether infiltrated neutrophils form NETs after injury, we initially measured NET formation in sera of mice undergoing liver I/R. When neutrophils form NETs, chromatin DNA associated with other neutrophil proteins is released locally and then distributed in the circulation. The quantity of NET-DNA complexes was dramatically elevated in mice experiencing I/R (Figure 6D,E) . Furthermore, I/R liver lobes contained citrullinated-histone H3. Importantly, NET formation was significantly inhibited in mice without 
Degranulation of gastrointestinal MCs initiates a cytokine cascade and increase in oxidative stress in experimental hepatic I/R
Here, we examined local inflammatory responses in liver tissue via quantitative RT-PCR analysis of chemokine/cytokine mRNA levels in liver extracts. MC deletion was associated with selective reduction in the expression of several proinflammatory cytokines/chemokines classically up-regulated within 24 h after I/R injury, including TNF-α, IL-6, IL-12, MCP-1, CXCL2, and iNOS ( Figure 6F; P<0.05 or P<0.01) . Semi-quantitative results of antibody arrays further showed that MC deficiency lead to a significant decrease in the expression of a set of proinflammatory cytokines/chemokines ( Figure 6G,H) , which play critical roles in promoting liver I/R injury (P<0.05).
Oxidant attack is critically involved in organ damage after liver I/R. Delayed oxidative stress induced by liver I/R, measured based on expression of the lipid peroxidation marker, 4-hydroxynonenal (HNE), and the reactive oxygen species (ROS) generating NADPH oxidase isoform 2 (NOX2), was reduced in Kit W-sh/W-sh mice (Figure 6I,J; P<0.05) . Furthermore, MC deficiency induced a decrease in ROS of non-parenchymal cells in livers subjected to I/R injury ( Figure 6K ; DCFH-DA intensity in the control group: 15.47 + − 1.82, Kit W-sh/W-sh : 1218.00 + − 203.42, C57BL/6 :8772.67 + − 1277.76; P<0.05 or P<0.01). These findings were consistent with both histological and biochemical observations.
The granule component of MCs is involved in LSEC-related inflammation in vitro
Endothelial-neutrophil interactions are essential for regulation of the inflammatory response in liver I/R. To further confirm whether MC degranulation exerted a direct effect on LSEC function, we isolated neutrophils from mice and evaluated the effect of tryptase on adhesion of neutrophils to LSECs. As shown in Figure 7A , 1 ng/ml tryptase treatment of LSECs for 24 h was able to sufficiently increase neutrophil adhesion as compared with control group, suggesting that the tryptase efficiently triggered and promoted neutrophil infiltration (1 ng/ml: 176.0 + − 23.77, 10 ng/ml 168.5 + − 22.9, 100 ng/ml 219. 
Discussion
To our knowledge, the present study is the first to focus on the role of gastrointestinal MCs in hepatic I/R injury contacting at a distance via the liver blood supply system. We observed that MCs predominantly localized in mouse gastrointestinal and mesentery tissue but were practically absent in liver, consistent with previous findings [17] . Interestingly, gastrointestinal MCs were activated during liver I/R injury. While the mechanisms underlying MC activation remain to be established, gastrointestinal MC degranulation is proposed to exert a deleterious effect on liver subjected to I/R, in light of the finding that MC deletion reduces the degree of liver injury. MCs are uniquely positioned around capillary vessels constituting pioneer part of the immune network, with regulatory functions in maintaining homeostasis and crucial pathological roles in vascular injury. Here, we further demonstrated that LSEC damage occurred initially via specific interactions with granule mediators within the liver, in turn, engaging machinery necessary for neutrophil infiltration, cytokine cascade as well as oxidative stress.
Gastrointestinal dysregulation is implicated in various liver pathological changes, such as non-alcoholic steatohepatitis [20] , primary sclerosing cholangitis [21] , and portal hypertension [22] . Liver I/R injury with evident LSEC impairment primarily occurs during the initial few hours after reperfusion. The mouse model used in our study with severe sinusoidal dilatation and confluent pericentral hepatocellular necrosis in liver was further characterized by gastrointestinal congestion and epithelial barrier damage, leading to modified homeostasis in response to inflammatory liver I/R injury. Following the inevitable histological injury to the gastrointestinal mucosa during hepatic I/R, the portal vein and arterial systems collect pathological products from the periphery of the digestive tract, which are eventually enriched and distributed in the liver.
MCs are tissue-dwelling immune cells predominantly located in the mucosal surface at the interface between the external and internal milieu, and the first to sense signaling through variable cell surface receptors (adenosine receptors, endothelin A receptors, and toll-like receptors) and intracellular receptors (nucleotide-binding oligomerization domain-containing proteins [NOD]-1 and NOD-2) [23] . Constitutive MCs in mammals are long-lived and pluralistic cells. Studies conducted on mice suggest that the phenotype and distribution of tissue MCs is determined by complex combinations of factors encountered by these cells and their progenitors in different tissue microenvironments [24] . Taking into account that routine H&E histochemistry performed on mucosal biopsies was unable to detect MCs and the inadequate evidence on MC localization, we combined multiple methods to determine distribution patterns of MCs in the liver and other organs of mice with the aid of the MC specific marker C-kit (CD117), tryptase, and FcεRI. As expected, murine parenchymal organs presented relatively low numbers of MCs. Regardless of whether or not the liver was subjected to I/R, MCs were always practically absent in murine liver. However, significant numbers of MCs were detected in close proximity to the gastrointestinal epithelium and mesenteric blood vessels, supporting potential regulatory roles of MC mediators infiltrating the capillaries. The therapeutic efficacy of MCs against IgE-dependent allergy [25] and parasite resistance [26] , in part, due to their beneficial roles in innate and adaptive immunity, is well documented. However, when gastrointestinal MCs are challenged with a danger signal or perturbed in the tissue environment, they have the ability to shift from basal beneficial 'constitutive' to harmful 'reactive' forms [23] .
Current knowledge on the function of MCs in I/R injury relates to degranulation, which correlates strongly with severity of organ injury [27] . Several methods are available for detection of MC degranulation, including toluidine blue staining, immunohistochemistry to determine specific granule contents, ELISAs to assess the release of granule proteins into serum, and electron microscope. Among these techniques, toluidine blue staining is the most commonly used. In the present study, we evaluated the specific granule contents of histamine and tryptase at different time-points to avoid bias. MC degranulation in stomach, intestine, and mesentery occurred rapidly in response to mucosal congestion. Both serum histamine and tryptase levels were increased during the ischemia period and peaked after 3 h reperfusion, suggesting roles in early liver pathology. Confirmatory evidence with our model was further obtained based on results of the correlation analysis between the degranulated gastrointestinal MC contents and markers of liver I/R damage, including Suzuki's score, serum ALT, and MDA levels. Our findings clearly indicated that the effects of gastrointestinal MCs during hepatic I/R should not be overlooked. To fully ascertain the effects of gastrointestinal MCs during the I/R process, experiments were conducted with Kit W-sh/W-sh and Kit W-sh/W-sh mice reconstituted with BMMCs from C57BL/6 mice. As expected, MC deficiency led to decreased necrotic and apoptotic cell death and preservation of normal liver function under conditions of I/R stress. These results were consistent with previous studies showing a detrimental function of MCs [9] [10] [11] [27] [28] [29] [30] , especially in ischemia disease, and were supported by additional data on PARP activity, DNA fragmentation, and caspase 3/7 activity.
Liver capillaries are composed of LSECs located at a strategic interface between blood and parenchymal cells that presents a site for exchange of substances with the surrounding interstitial fluid playing crucial roles in liver homeostasis [31] . Liver I/R damage has been shown to be characterized by perturbations of molecules within the endothelium involved in survival and in other phenotypic changes of LSECs susceptible to the effects of digestive products [32] . Data from the present study showed that I/R stress strongly promotes LSEC death with typical features of apoptosis. Deletion of MCs led to significant reduction of cell death, consistent with changes in ICAM-1 and VCAM-1 expression levels in liver tissue. These two cell adhesion molecules are expressed on liver capillaries after activation of LSECs in specific pathological processes and play crucial roles in inflammatory injury, immune responses, and intracellular signaling events [33] . The degranulated contents derived from gastrointestinal MCs are enriched in the liver microcirculation system during I/R, in turn, orchestrating the LSEC death program and altering vascular reactivity to promote thrombosis. In fact, MCs are thought to play a relatively major role only in the early stages. During tissue inflammation, leukocyte-endothelial cell signal transduction mediated by adhesion molecules involves a series of sequential events including inflammatory or immune cell activation and migration in which the earliest activated effector cells are MCs, followed by secretion of performed mediators that facilitate the generation of specific pathological environments [34] . The time-course during which MCs play a leading role is limited. However, their potential activities in association with other cell types and convergence should not be overlooked.
Neutrophils are responsible, to a significant extent, for the physiopathological changes occurring during liver I/R injury under experimental conditions [35] . Based on the phenotype of LSEC death, we further demonstrated that one of the principal functional responses to I/R-induced MC activation in gastrointestinal and mesentery tissues was rapid recruitment of neutrophils in liver. Granule mediators released by MCs induce significant inflammatory pathology, both independently and in synergy with other cell-derived cytokines, and serve to orchestrate a complex immune response, exerting multiple effects on inflammatory cell recruitment. In addition to tryptase, chemokines and leukotrienes (in particular, LTC4) released by MCs also recruit neutrophils to inflamed tissues, which further potentiate damage [36] . TNF-α, an important contributor in neutrophil influx, is generated by several types of inflammatory cells. However, MCs are the only type known to presynthesize and store this cytokine in granules. Thus, MC-derived TNF-α is required for neutrophil infiltration during the early stages of liver injury. A previous study reported that MC activation produces the first of two peaks of TNF-α that augments neutrophil emigration in immune complex peritonitis [37] . Further experiments by our group revealed that the effects of MC degranulation contributing to neutrophil infiltration are also required for NET formation. NETs are extracellular scaffolds composed of nuclear DNA studded with granule proteins, histones, and cytoplasmic antimicrobials [38] . NET formation was recently implicated in exacerbating inflammatory cascades leading to augmentation of liver injury in response to endogenous damage-associated molecular pattern molecules in sinusoids [39] . Therefore, NET formation may present an important linking step through which MC degranulation induces liver damage.
Cytokine cascades as well as oxidative stress are the defining features of liver I/R, and their excessive generation by liver cells, LSECs, and immune cells results in proinflammatory extracellular milieu and tissue injury [2, [40] [41] [42] . In addition, these molecules are involved in LSEC death and NET-promoting cascade. Consistent with these findings, the levels of a series of inflammatory factors and chemokines and oxidative stress markers were markedly increased upon gastrointestinal MC activation during liver I/R. Elevated levels of these molecules could promote adherence and migration of other circulating inflammatory cells to liver tissue. Among these mediators, TNF-α, IL-1, and IL-6 are directly released by activated MCs, and the chemokines CXCL1/CXCL2 act in concert with MCs to control the early stages of neutrophil infiltration during tissue inflammation [43] . Induction of high-output iNOS usually occurs in an oxidative environment. High levels of NO react with superoxides, leading to cell toxicity [44] . Our experiments further showed that excessive oxidative stress is induced by MC activation in parallel with increased liver neutrophil recruitment and LSEC death. These data strongly support the theory that the degree of initial injury by gastrointestinal MCs during liver I/R represents the major factor underlying pathologic development and highlights the need for early MC targeting therapeutic interventions in keeping with recent suggestions.
It is necessary to recognize certain limitations in our present study. One shortcoming is that the potential role of other possible confounding factors in the progression of liver damage cannot be ruled out. For example, increased permeability of the gastrointestinal mucosa can facilate intraluminal bacteria or bacterial products released into peritoneal cavity and circulatory system, thereby promoting the inflammatory damage of liver. Although MCs also enhance mucosa permeability, this is not a direct contribution of MC granule to liver damage [45] . Furthermore, increased numbers of activated gastrointestinal MCs alone do not give insight to proinflammatory capacity, as some evolutionarily conserved beneficial effect should be considered. Given that MCs in gastrointestinal system are unique with a high activity and maturity, the present study mainly relied on the intrinsic MCs in wild-type mice to explore their underlying action mechanism, even if we found the MCs exist in the liver of MC engraftment mice. At last, the relation between MCs and inflammatory damage may be also intrinsically dependent on the surgical procedures used for different clinical patients and experimental animal species. Thus, evidence of MC function obtained in the present study was limited to the exclusion of certain situations such as immune rejection during liver transplantation and metabolic factors in obese populations.
In summary, MCs occupy sentinel positions in tissues where many pathological factors attempt to attack and a special response typically begins [46, 47] . Despite being allergic diseases, anaphylaxis and autoimmunity are mediated in a large part by MCs, and their precise roles in inflammatory injury require further investigation. By employing a novel c-Kit-independent mouse model, conditional MC deficiency and combining the features of MC distribution in a C57BL/6 mouse, we have provided preliminary in vivo evidence that gastrointestinal MCs are important contributors to the liver injury process following I/R, at least in part, through their granule functions in LSEC, to favor a more prominent acute neutrophil-driven inflammatory response involving NET formation, cytokine cascade, and oxidative stress. While major advances have been made in our understanding of the causes of liver I/R injury at the cellular and molecular levels, it appears that systemic factors, especially those participating in gastrointestinal pathology, also play a substantial role in disease development. Our findings have significant clinical relevance, as I/R is a common feature of many liver diseases, providing further support for the potential application of MC manipulation or drugs, such as Ketotifen and Sodium cromoglycate, which inhibit MC degranulation signaling in clinically relevant settings to protect against liver injury.
Clinical perspectives
• While major advances have been made in determining the causes of liver I/R injury at the cellular and molecular levels, systemic factors, in particular, those participating in gastrointestinal pathology, are also known to play a substantial role in liver disease development.
• MCs are tissue-resident immune cells abundant in the gastrointestinal system that perform diverse functions. These cells are closely related to the inflammatory injury process and inevitably activated in congested gastrointestinal mucosa caused by liver blockage.
• Here, we have demonstrated that gastrointestinal MC degranulation boosts the cycle of inflammatory damage during I/R via the liver blood supply system. Our findings have significant clinical relevance, supporting the theory that impairment of MC activity and/or decreasing MC numbers could serve as effective measures for protection against hepatic I/R injury. 
Funding
